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PHASE  I 


DIODE  STUDY  PROGRAM 


Background 


The  contract  was  for  the  investigation  of  fundamental  PIN  diode 
switching  speed  and  RF  power  handling  trade-offs.  The  program  was 
conducted  in  two  phases.  The  first  phase  was  to  determine  the  char- 
acteristics of  PIN  diodes.  This  characterization  was  conducted  experi- 
mentally with  I-region  thickness  as  the  prime  variable.  Each  diode 
type  was  evaluated  in  terms  of  its  inherent  power  handling  capabilities 
and  switching  characteristics.  The  equivalent  circuit  parameters  for 
each  diode  type  were  also  compiled  to  determine  the  frequency  response 
of  proposed  switch  designs.  The  second  phase  of  the  program  was  to 
develop  a series  of  broadband  switches  which  would  incorporate  the 
design  information  generated  from  the  initial  effort,  and  compare  the 
results . 

Diodes  ranging  from  2 microns  to  100  microns  thickness  I-region 
were  utilized.  Their  static  characteristics  were  determined  and 
samples  of  each  were  designed  into  single  chip  all-shunt  SPST  switch 
circuits.  These  were  then  subjected  to  various  switching  speed  and 
high  power  RF  tests  at  three  frequencies  in  the  microwave  spectrum. 

The  results  from  the  diode  study  led  to  the  generation  of  speci- 
fications for  five  switches.  These  units  were  constructed,  tested 
and  delivered  with  summary  datfcT included  in  this  document.  This 
portion  of  the  investigation  put  into  practical  application  the  test 
results  from  Phase  I. 

Investigation  - Static  Diode  Data 

The  final  selection  of  diodes  to  be  utilized  for  this  study  was 
determined  somewhat  by  current  engineering  practice.  The  range  was 
open,  but  thickness  extremes  were  chosen  to  include  the  thinnest  PIN 
(2  microns)  and  one  which  was  thick  enough  (100  microns)  to  exceed  the 
capabilities  of  available  test  equipment.  Available  diodes  of  compar- 
able physical  and  electrical  paramters  dictated  the  following  selection 
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Static  measurements  were  run  on  forty  diodes  of  each  type  to 
determine  consistency  and  to  ascertain  the  design  parameters  for  RP 
use.  Table  I summarizes  this  data. 

In  reference  to  Table  1,  the  voltage  breakdown  (V_)  range  signifies 

D 

the  minimum  and  maximum  values  for  the  forty  piece  sample.  The  dis- 
tribution was  quite  uniform,  with  approximately  80%  falling  in  the 
middle  50%  of  the  range  and  the  remainder  being  spread  on  both  sides 
of  the  major  portion.  Thus,  a selection  process  could  reduce  the  Vg 
variation  by  50%  with  only  a 20%  parts  shrinkage.  This  parameter  is 
an  indication  of  power/speed  performance.  A thin  diode  has  a small 
intrinsic  volume  and  cannot  store  much  charge  (low  V0) . This  results 
in  rapid  recombination , and  faster  switching  speeds.  However,  the 
small  volume  also  results  in  lower  power  handling  capabilities  since 
the  higher  current  density  causes  the  junction  to  heat  more  rapidly 
when  the  diode  is  in  the  forward  conducting  state.  In  the  reverse  bias 
state,  the  voltage  breakdown  level  can  also  be  exceeded  by  lower  RF 
voltages  compared  to  that  of  a thicker  diode.  This  fact  is  the  crux 
of  this  investigation  where  several  diodes  of  varying  thicknesses  were 
selected  to  determine  exactly  what  speed  and  power  trade-offs  can  be 
established.  In  contrast  to  the  previous  discussion  for  thin  diodes, 
thick  diodes  exhibit  large  breakdowns  with  voltage,  resulting  in  larger 
power  handling,  but  are  slower  in  speed. 

Diode  capacitance  determines  the  upper  frequency  limit  for  broad- 
band PIN  diode  switches.  The  diode  capacitance  can  be  utilized  in  two 
ways.  In  the  first  case,  the  diode  shunts  the  transmission  line  and 
series  inductance  is  added  to  optimize  an  equivalent  low  pass  filter. 

The  filter  cutoff  is  inversely  proportional  to  the  diode  capacitance. 

The  ^second  circuit  type  uses  the  diode  in  series  with  the  transmission 


line.  In  this  case,  the  diode  capacitance  acts  as  a series  blocking 
element  and  dependent  on  the  absolute  blocking  or  isolation  required, 
the  high  frequency  cutoff  is  inversely  proportional  to  diode  capaci- 
tance. To  maximize  the  power  handling  capability  of  any  PIN  diode, 
it  is  important  to  mount  the  diode  to  a heat  sink  surface.  As  shunt 
mounted  PIN  diodes  are  soldered  directly  to  the  massive  ground  plane, 
excellent  cooling  is  achieved.  This  is  not  possible  for  series  mounted 
diodes  as  both  terminals  of  the  diode  have  to  be  attached  to  the  center 
conductor  making  significant  heat  sinking  unlikely.  For  this  reason, 
a high  power  requirement  dictates  the  necessity  of  a shunt  diode  design. 


Consistency  is  also  imoortant  *for  caDacitance.  Tvoe  1 through 
Type  4 diodes  are  excellent  for  this  parameter.  Varying  the  voltage 

over  a 5:1  range  results  in  no  significant  change  in  capacitance.  Type 
5 showed  a moderate  change,  and  Type  6 showed  a large  variation.  How- 
ever, diodes  of  that  thickness  would  not  be  employed  at  low  bias  voltages. 
As  such,  they  are  well  within  a useful  range  for  normal  usage  at  30  to 
50  volts  reverse  bias. 

Forward  resistance  (Rg)  is  a major  factor  in  RF  high  power  burnout. 
The  I ^ R heating  causes  the  diode  junction  to  burn  out  due  to  excessive 
junction  temperature  in  the  order  of  150°C  or  greater.  The  current  is 
a combination  of  bias  current  and  current  from  the  incident  RF  signal. 
Under  CW  conditions,  this  current  is  easily  calculated,  but  pulsed 
conditions  must  take  into  account  the  cooling  intervals  between  pulses. 


greater  than  100  micro-seconds 


the  diode  will  be  heated  to  its  maximum 


a pulse  width  of  1.0  microseconds  was  chosen.  This  is  a commonly  used 


value  and  is  much  less  than  the  thermal  time  constant  of  all  diodes  under 


consideration.  The  Rq  was  measured  at  two  bias  current  levels,  10mA 


and  50mA.  This  trade-off  yields  the  following  benefits  and  detriments 


At  lower  current  levels,  the  stored  charge  is  lower  and  the  diode  can  be 


the  lower  current.  This  results  in  higher  power  dissipation  within  the 


junction  due  to  the  increased  I-R  losses  for  a given  current.  It  can  be 


seen  that  this  adds  a third  dimension  to  the  speed/power  trade-off  and 


will  be  discussed  in  detail  under  the  section  on  dynamic  measurements 


Lifetime  (the  time  it  takes  for  minority  c arriers  to  recombine)  is 


proportional  to  the  speed  that  can  be  achieved  with  a diode.  Because 


the  tests  were  actually  run  on  these  chips,  the  lifetime  was  recorded 
for  reference  only.  Actually,  switching  speed  is  strongly  dependent 
on  driver  waveforms,  which  must  be  optimized  for  fastest  possible 
switching  speed. 

Several  other  point'  should  be  discussed  for  clarity.  The  actual 
diode  thickness  is  not  easily  controlled.  Processing,  doping,  and 
environmental  changes  all  contribute  to  slight  variations  in  the  final 
value.  Therefore,  the  thickness  as  recorded  should  not  be  taken  as 
absolute,  but  as  close  approximations  for  comparision  purposes.  All 
diodes  were  passivated.  Types  1 through  4 were  Silicon-dioxide  passi- 
vated, and  Types  5 and  6 were  hard-glass  passivated.  Both  are  acceptable 
in  military  environments . Finally,  the  slice  number  is  an  M/A  internal 
control  number  which  gives  a unique  identity  to  every  processing  run 
for  PIN  diodes. 

Investigation  - Dynamic  Diode  Data 

As  discussed  in  the  previous  section,  the  various  diode  thicknesses 
result  in  different  stored  charge  and  a wide  range  of  switching  speed 
capabilities . To  exploit  the  switching  capabilities,  an  injected  wave- 
form must  be  produced.  This  waveform  is  of  the  opposite  polarity  of  the 
stored  charge  when  removing  it,  and  is  of  the  same  polarity  when  inducing 
carriers . 

Figure  1 presents  a typical  pulse  as  produced  by  a driver  to  create 
the  desired  switching  action  in  a PIN  diode.  In  effect,  the  TTL  driver 
circuit  stores  internal  charge  which  is  several  times  that  to  be  removed 
from  the  PIN  diode.  At  the  reception  of  a gated  signal,  the  transistors 
change  state,  and  the  stored  charge  is  impressed  on  the  diode.  With 
reference  to  Figure  1 , the  speed  with  which  the  signal  reaches  its 
maximum  value  (Ip)  is  the  risetime.  The  duration  of  the  spiking  pulse 
is  the  pulse  width.  This  curve  represents  the  amount  of  energy  avail- 


able  to  remove  the  stored  charge  in  the  PIN  diode.  When  the  charge  is 
removed,  the  driver  supplied  the  specified  steady-state  bias  (Iss)  until 
the  gated  signal  at  the  driver  input  is  reversed.  At  this  time,  the 
diode  is  forces  into  the  opposite  state  by  spiking  in  the  reverse  polarity 

An  important  consideration  encountered  when  designing  a driver  is 
to  produce  adequate  spiking  for  thick  diodes.  Transistors  with  50  to 
100  volt  breakdowns  must  be  utilized.  They  provide  the  necessary  gain 
and  current  capability  to  remove  large  charge,  but  unfortunately,  the 
response  time  is  slower.  Conversely,  the  drivers  with  faster  response 
times  cannot  provide  adequate  pulse  outputs  to  clear  the  charge  from 
thick  diodes,  but  will  be  much  faster  for  thin  diodes.  Microwave 
Associates  produced  two  drivers  for  this  study.  Type  A was  optimized 
for  speed  with  a 2 micron  diode.  Type  B was  designed  to  switch  the 

4 mil  diode.  Figures  2 and  3 show  schematic  diagrams  for  these  driver 
circuits.  In  the  data  summary,  the  crossover  in  speed  is  very  apparent, 
whereby  the  slower  but  more  powerful  driver  becomes  beneficial  for 
switching  the  thicker  I-region  diodes. 

All  switching  speed  data  was  taken  at  room  temperature  on  a single 
chip  SPST  switch  for  each  diode  type.  The  mounting  structures  were 
identical,  and  the  data  was  taken  by  the  same  technician  on  the  same 
test  set.  The  results  are  presented  in  Table  2.  It  can  be  seen  that 
Driver  A exhibits  less  delay  time  for  diodes  Type  1 through  3.  However, 
the  injection  of  carriers  (risetime)  is  accomplished  more  quickly  with 
Driver  B for  Type  3 only.  As  the  diode  thickness  increases  to  Type  4, 
the  high  voltage  driver  can  create  faster  rise  and  fall  times,  and  less 
delay.  Clearly,  the  tradeoff  is  at  20-25  microns.  Continuing  to  Types 

5 and  6,  the  output  pulse  from  Driver  B is  clearly  superior  to  that  of 
Driver  A. 

Referring  to  Table  2,  four  parameters  are  recorded  in  each  test. 

The  RF  risetime  and  RF  falltime  are  the  10%-90%  times  for  the  detected 
RF  pulse.  The  total  rise  speed  and  total  full  speed  also  includes  the 
driver  delay  from  the  50%  point  of  the  initial  command.  The  actual 
driver  delay  is  the  difference  between  the  total  rise  (fall)  speed  and 
the  RF  risetime  (falltime). 


TARLF.  2 SWITCHING  SPEED  DATA 


It  should  be  noted  that  there  are  other  distinct  differences  betwet 


4 

* 

> 


1 f i 

f 1 


i 


the  two  test  drivers.  These  are  noted  below: 


Driver  A 

Bias  supplies 
Rep  Rate 
Output  Voltage 

Driver  B 

Bias  Supplies 
Rep  Rate 
Output  Voltage 

Additionally,  the  difference 
increase  of  approximately  3:1  for 


+5V  and  -5V 
10  MHz 

4.3V  (+  and  -) 


+5V,  +15V,  and  -35V 
500  KHz 

+14 . 3V  and  -34 . 3V 
complexity  results  in  a cost 
Type  B driver. 


Investigation  - High  Power  RF  Tests 

With  the  information  available  on  switching  speed,  the  other 
investigative  parameter,  RF  power  was  included.  To  gain  maximum  freque: 
coverage,  and  use  the  available  facilities,  the  frequencies  of  1 GHz, 

9 GHz  and  18  GHz  were  selected  as  test  frequencies.  At  each  frequency, 
the  following  tests  were  conducted: 


1.  Burn-out  power  (peak  and  average)  at  -5V  reverse  bias. 

2.  Burn-out  power  (peak  and  average)  at  -30V  reverse  bias. 

3.  Burn-out  power  (peak  and  average)  at  +10mA  forward  bias. 

4.  Burn-out  power  (peak  and  average)  at  +50mA  forward  bias 

5.  Conductivity  modulation  ( dB  compression)  at  -5V  reverse  bias 

6.  Conductivity  modulation  ( dB  compression)  at  -30V  reverse  bias 

The  burn-out  and  compression  data  were  taken  for  CW  and  pulse  cond 
tions.  In  some  cases  power  was  not  available  and  under  no  conditions 
did  the  power  exceed  an  incident  level  of  lOkW,  because  of  connector/ 
equipment/circuit  stress  versus  diode  stress  which  was  the  program  inta 
As  shown  in  the  following  data,  there  is  considerable  difference  betwea 
burn-out  levels  on  the  same  diode  depending  on  whether  the  diode  is  fot 
ward  biased  or  reverse  biased.  From  a thermal  burn-out  viewpoint,  the 
line  impedance  of  the  switching  structure  could  always  be  adjusted  to 
equalize  the  dissipated  power  in  the  two  states.  This  impedance  changa 
would  band  limit  the  device  and  since  the  program  was  dedicated  to  bro< 
band  devices,  all  testing  was  done  in  50  ohm  systems. 

The  curves  of  Figures  4,  5,  6,  7,  8 and  9 were  generated  to  depict 
comparison  data  of  peak  power  performance  for  the  various  thicknesses 
of  diode  I-regions  as  frequency  is  varied.  It  must  be  considered  that 
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each  burn-out  meant  a completely  new  switch  circuit  was  assembled  to 
allow  resumption  of  the  tests.  Therefore,  subtle  differences  in  mechani- 
cal tolerances,  moderate  variances  in  diode  junction  characteristics  and 
test  equipment  accuracy  all  contributed  to  the  introduction  of  some 
undertermined  deviation  from  completely  reproducible  performances. 

However,  any  major  discrepancy  resulted  in  retests  to  ascertain  proper 
data  points.  The  curves  of  Figures  4 thru  9 present  this  data. 

Figure  4 clearly  shows  the  increased  power  handling  capacity  of 
the  thicker  diodes.  The  trade  off  for  selecting  higher  power  levels  is 
the  necessarily  slower  speed  associated  with  the  larger  junction.  Increased 
frequency  creates  higher  power  densities  within  the  junction  resulting 
in  burn-out  at  lower  levels.  In  all  respects,  this  data  conformed  to 
expected  trends,  but  yielded  actual  values  under  a controlled  investi- 
gation versus  intermittent  measurements  on  various  programs.  It  should 
be  noted  that  the  data  at  10KW  peak  was  arrived  at  by  extrapolation  of 
the  curve  to  approximate  the  typical  slope  of  the  curve  family  (dashed 
curves ) . 

When  reverse  bias  is  increased,  the  power  burn-out  may  increase, 
or  stay  the  same  for  a particular  diode.  Because  the  increased  DC 
voltage  will  be  given  a larger  portion  of  the  total  maximum  tolerated 
voltage  (DC  voltage  plus  RF  voltage)  before  burn-out,  it  is  normal  to 
assume  the  threshold  will  be  crossed  at  a lower  peak  power.  However, 
the  increased  voltage  also  reduces  the  base-spreading  resistance  (deter- 
mines reverse  bias  Q of  the  diode) , and  the  resultant  is  lower  power 
consumed  and  higher  burn-out  capabilities  at  lower  f reciuencies . Some- 

times one  of  these  effects  will  outweigh  the  other;  sometimes  they  balance 
for  no  change.  Figure  5 provides  -30V  bias  data  to  indicate  the 
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subtleties  of  this  reaction.  Comparison  to  Figure  4 shows  little  effect 
in  general  at  high  frequencies  and  enhanced  power  handling  at  lower 
frequencies . 

As  noted  previously  in  this  document,  increased  forward  bias  current 
results  in  lower  Rs  and  a corresponding  reduction  in  junction  heating  due 
to  the  incident  RF  power.  Therefore,  the  power  capability  improves. 

Figures  6 and  7 present  the  trade-off  for  10  mA  and  50  mA-.  In  all  cases, 
the  50mA  resulted  in  enhanced  power  handling  for  a particular  diode,  to 
coincide  with  the  measured  Rs  values  of  Table  1.  However,  as  noted  in 
the  section  on  switching  speed,  a 50  mA  bias  produces  five  times  the 
stored  charge  of  10  mA,  and  the  speed  degrades  in  the  process. 

Compression  point  is  the  power  level  at  which  the  DC  bias  is  over- 
come by  RF  voltages,  and  the  insertion  loss  increases  from  conductivity 
modulation.  Normal  measurement  standards  employ  the  l.OdB  point  as  the 
reference  level,  but  a more  conservative  value  of  0.5dB  was  utilized  for 
the  evaluations  in  this  investigation.  Obviously,  a bias  level  of  30 
volts  cannot  be  overcome  as  quickly  as  5 volts  as  RF  power  is  increased. 
Comparision  of  Figures  8 and  9 show  the  improved  compression  point  response 
very  clearly  as  bias  is  increased  to  30  volts.  However,  the  inevitable 
presence  of  a trade-off  is  not  avoided.  To  produce  the  larger  reverse 
voltages,  higher  breakdown  transistors  must  be  utilized  in  the  driver 
circuits.  The  resultant  is  a reduction  in  speed  as  the  higher  voltage 
transistors  have  longer  delay  times. 

Compression  point  data  improves  with  increasing  frequency.  This 
can  best  be  understood  by  considering  a complete  period  of  the  RF  wave- 
form at  low  and  high  frequencies.  The  opposing  RF  voltage  is  impressed 
across  the  diode  nine  times  longer  at  1 GHz  than  at  9 GHz  and  eighteen 


times  longer  than  at  18  GHz.  Thus,  even  though  the  peak  voltages  are 
identical,  the  RF  waveform  allows  a greater  opportunity  for  diode  con- 
duction at  lower  frequencies  during  any  given  period.  This  can  be 
related  to  the  response  time  for  the  diode  junction  itself;  both  Figures 
8 and  9 indicate  this  as  the  longer  lifetime  diodes  have  improved 
compression  point  performance  at  any  test  frequency. 

Eecause  of  the  thermal  time  constant  associated  with  PIN  diode 
junctions,  the  burn-out  level  must  be  carefully  defined  for  peak  levels. 

For  instance,  the  peak  power  levels  to  which  diodes  were  subjected  during 
this  investigation  were  always  at  one  microsecond  pulse  width  and  0.1% 
duty  cycle.  This  assured  destruction  from  avalanche  voltage  effects 
versus  excess  heating  effects  caused  by  absorbed  power.  For  CW  investi- 
gations, the  heating  effect  is  the  general  mode  of  destruction.  Figures 
10,  11,  12  and  13  present  data  for  burn-out  under  application  of  CW 
signals . 

CV.’  power  eauioment  was  restricted  to  100  watts.  Therefore,  the  curves 
of  Figures  10  through  13  are  not  entirely  complete,  but  sufficient  data 
is  available  to  allow  significant  design  aid. 

Increased  negative  bias  always  improves  burn-out  for  CW  applications. 

The  reduced  base  spreading  resistance  simply  results  in  lower  heating 

and,  thus,  better  survival  characteristics.  This  effect  can  be  noted  by 

comparison  of  Figures  10  and  11.  Similarly,  the  increased  bias  of  +50mA 

versus  +10mA  results  in  better  power  handling  capabilities.  This  is 

2 

due  to  lower  Rs  and,  consequently,  lower  I R losses  (heating).  Figures 
12  and  13  depict  this  effect.  To  restate  the  trade-offs  associated  with 
increased  bias,  the  speed  will  be  affected  either  because  of  slower  tran- 
sistors (to  accommodate  increased  reverse  bias)  or  larger  stored  charge 
in  the  PIN  diode  junction  (due  to  increased  forward  bias) . 
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INVESTIGATION  - SPECIAL  DIODES 


Off  center  mesa  and  multi-dot  diodes 

During  this  program,  the  concept  of  off  center  mesas  and  multi-dot 
diodes  was  investigated.  The  rationale  for  an  off-center  mesa  is  to 
minimize  bond  wire  lengths  when  using  the  diode  in  the  series  configura- 
tion on  a multi-throw  switch.  The  shorter  bond  wires  minimizes  undesir- 
able series  inductance.  The  multi-dot  diode  also  minimizes  bond  wire 
inductance  and  in  addition,  it  permits  construction  of  a multi-throw 
junction  using  only  a single  chip.  The  single  chip  is  smaller  and 
hopefully  each  diode  on  the  chip  is  matched  very  closely  to  the  others. 

In  this  study,  four  diodes  were  etched  on  a chip  about  twenty  (20)  mils 
square.  This  is  sometimes  called  a "Quad  Chip".  The  Quad  Chip  can 
also  be  constructed  so  that  each  diode  is  different,  i.e.,  the  capaci- 
tance can  increase  from  dioae  to  diode  on  the  same  chip  (with  an  attend- 
ant decrease  in  series  resistance).  This  device  is  useful  for  making 
a multi-throw  switch  where  each  arm  is  optimized  for  its  own  unique 
bandwidth  requirement. 

Table  3 presents  data  for  the  initial  feasibility  run  for  multi- 
dot diodes.  It  provided  enough  optimism  for  generation  of  new  etching 
masks  to  attempt  closer  control.  The  variation  in  breakdown  voltage 
(Table  3)  would  guarantee  a wide  variation  in  switching  speed.  This 
prompted  the  aforementioned  second  run.  All  other  aspects  of  this  first 
run  were  very  encouraq i ng ; chips  1,  3,  6,  7,  8 and  10  could  have  been 
utilized  and  would  probably  produce  acceptable  results  for  switching 
speed.  However,  chips  6 and  10  would  have  to  be  eliminated  for  low 
bias  capacitance  (0.05  pf).  Lifetimes  were  80-140  nanoseconds. 

Table  4 depicts  the  status  data  for  the  second  run  of  "identical 
capacitance"  multi-dot  diodes.  Breakdown  voltage  showed  a slightly 
wider  range  than  would  be  desired,  but  all  other  parameters  are  excep- 
tionally good.  Chips  1,  7,  8,  9,  and  10  are  almost  perfect.  The 
yield  of  40  for  40  mesas  is  well  above  normal  expectations. 

Table  5 presents  the  data  taken  for  the  "varying"  capacitance  multi- 
dot diode.  Increasing  dot  diameter  corresponds  to  higher  capacitance  as 
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TABLE  3 


CHIP  if 
if  1 

if  2 

if  3 

if  4 

if  5 

if  6 

if  7 

if  8 

if  9 


PRELIMINARY 

MULT I -DOT  DATA 

CAP  @ 0.7  V 

CAP  @ 10.0  V 

120 

.04 

.03 

120 

.03 

.02 

100 

.03 

.02 

80 

.04 

.03 

140 

.04 

.03 

80 

.03 

.02 

80  . 

.04 

.03 

80 

.03 

.02 

140 

.03 

.03 

140 

.03 

.02 

140 

.03 

.03 

160 

.04 

.03 

120 

.04 

.03 

60 

.03 

.02 

Short 

.04 

.03 

120 

.05 

.05 

Short 

.04 

.03 

120 

.03 

.02 

80 

.05 

.04 

95 

.04 

.03 

80 

.04 

.03 

110 

.04 

.03 

80 

.03 

.02 

100 

.05 

.03 

125 

.03 

.02 

130 

.03 

.02 

110 

.04 

.03 

100 

.03 

.03 

95 

.04 

.03 

95 

.04 

.03 

105 

.03 

.02 

115 

.03 

.03 

135 

.03 

.02 

80 

.03 

.02 

Short 

.03 

.03 

110 

.04 

.03 
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TABLE  4 


MULTI 

-DOT  "IDENTICAL  CAPACITAHCE" 

DATA. 

CHIP  4 

DOT  SIZE 

Vb 

C 0.7V 

C 10. ov 

LIFETIME 

4 1 

.0010 

45 

0.83 

0.02 

90 

.0012 

45 

0.03 

0.02 

95 

.0010 

40 

0.03 

0.02 

110 

.0011 

45 

0.03 

0.02 

95 

4 2 

.0013 

82 

0.04 

0.03 

110 

.0015 

100 

0.04 

0.04 

90 

.0018 

68 

0.03 

0.03 

110 

.0014 

65 

0.04 

0.03 

95 

4 3 

.0011 

60 

0.04 

0.04 

120 

.0013 

80 

0.04 

0.04 

125 

.0013 

80 

0.04 

0.03 

110 

.0015 

80 

0.05 

0.04 

95 

4 4 

.0013 

62 

0.05 

0.04 

110 

.0012 

60 

0.05 

0.04 

110 

.0011 

60 

0.05 

0.04 

105 

.0012 

40 

0.05 

0.04 

110 

# 5 

.0013 

42 

0.05 

0.04 

115 

.0011 

22 

0.05 

0.04 

90 

.0014 

40 

0.05 

0.04 

85 

.0012 

20 

0.05 

0.04 

95 

# 6 

.0013 

58 

0.05 

0.04 

95 

.0013 

40 

0.05 

0.04 

110 

.0014 

100 

0.05 

0.04 

120 

,0012 

60 

0.05 

0.04 

120 

4 7 

.0011 

40 

0.03 

0.02 

95 

.0013 

40 

0.03 

0.02 

90 

.0012 

40 

0.03 

0.02 

80 

.0012 

40 

0.03 

0.02 

80 

# 8 

.0010 

40 

0.03 

0.02 

95 

.0014 

40 

0.03 

0.02 

105 

.0014 

40 

0.03 

0.02 

105 

.0015 

40 

0.03 

0.02 

90 

# 9 

.0014 

20 

0.04 

0.02 

85 

.0011 

50 

0.04 

0.03 

110 

.0011 

100 

0.04 

0.02 

90 

.0012 

40 

0.03 

0.02 

90 

I 
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TABLE  5 


MULTI- DOT  - 

VARYING  CAPACITANCE  DATA 

CHIP  # 

DOT  SIZE  VB 

C 0.7V  C 10. OV 

LIFETIME 

# 1 

.0015  TYP 

AO 

.11 

.02 

80 

.0020  TYP 

- 

.11 

.04 

95 

• 

.0025  TYP 

- 

.13 

.06 

95 

.0028  TYP 

50 

.1A 

.09 

105 

'#  2 

A2 

.04 

.02 

105 

- 

80 

.05 

.03 

115 

- 

80 

.05 

.04 

125 

- 

80 

.07 

.05 

120 

# 3 

10 

• OA 

.03 

90 

- 

100 

.05 

.03 

90 

- 

20 

.06 

.OA 

100 

- 

100 

.06 

.04 

100 

# A 

AO 

.OA 

.03 

_ 

- 

AO 

.05 

.04 

105 

- 

80 

.06 

.04 

100 

- 

90 

.07 

.06 

100 

# 5 

— i 

60 

.05 

.02 

80 

- 

20 

.02 

.02 

90 

- 

78 

.06 

.02 

90 

90 

.04 

.03 

105 
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noted.  Although  this  device  was  not  utilized  in  this  program,  the 
data  is  added  for  reference.  This  type  of  diode  would  be  useful  in 
multi-throw  switches  where  each  arm  is  optimized  over  a different 
frequency  band. 

The  uniform  capacitance  multi-dot  diode  was  utilized  in  Phase  II 
of  the  program.  Our  initial  estimate  of  its  value  was  a lower  anti- 
cipated phase  variation  due  to  the  shorter  bond  wires.  However,  as 
discussed  in  more  detail  later,  the  processing  difficulties  encountered 
with  this  diode  compromised  the  results  somewhat. 

The  Plated  Heat  Sink  Diode 

Another  Diode  Type  was  also  investigated  on  this  program.  This 
was  the  so  called  "Plated  Heat  Sink  Diode".  This  diode  is  unique  in 
that  it  is  built  on  a copper  plated  heat  sink,  and  it  offers  significantly 
lower  thermal  and  electrical  resistance.  Additionally,  the  etching 
process  is  more  complete  and  results  in  lower  capacitance.  Preliminary 
RF  test  data  shows  that  the  RC  product  for  this  type  of  diode  is  approxi- 
mately 20-25%  better  than  conventionally  fabricated  PIN  diodes. 

When  mounted  in  a typical  SPST  switch  circuit,  this  diode  resulted 
in  . 2 - . 3dB  lower  insertion  loss  and  3-6dB  higher  isolation  at  18  GHz 
than  a comparable  PIN  diode  (i.e.  an  8 micron  I-layer  diode).  Initial 
high  power  tests  show  that  this  diode  is  capable  of  handling  at  least 
15%  more  power  (in  the  worst  case  operating  condition  of  CW  power  and 
forward  bias)  than  a comparable  PIN  of  conventional  design  (i.e.  8 micron) J 
T^sts  were  run  at  25  watts  CW  at  16  GHz  and  an  applied  bias  of  10mA  vith- 
out  burnout.  This  diode  is  comparable  to  an  eiaht  (8)  iiicron  diode  (type  I 
on  the  basis  of  switching  speed.  As  shown  in  Fia.  12,  this  diode  has  a 
burnout  level  of  20  watts.  Thus  for  a diode  with  comparable  RF  and  switch 
performance,  the  plated  heat  sink  diode  offers  at  least  a 15-20%  increase 


in  power  handling  capability.  * The  improved  performance  is  a consequence 
of  the  reduced  electrical  and  thermal  resistance. 

CONCLUSION  (PHASE  I) 

A broad  range  of  pin  diodes  suitable  for  microwave  switching  appli- 
cations was  selected  for  proper  characterization.  The  selection  ranged 
in  six  steps  from  very  thin  I-layer  types  with  fast  switching  characteris- 
tics (less  than  10  nanoseconds) . to  very  thick  I-layer  types  with  relatively 
slower  switching  characteristics  (on  the  order  of  a few  microseconds) . 

The  RF  power  handling  capability  in  50  ohm  systems  of  each  diode 
was  determined  for  each  of  the  applicable  operating  modes,  and  at  a variety 
of  bias  conditions  in  each  mode. 

The  switching  speeds  for  each  diode  type  were  determined  with  two 
types  of  driver  circuits. 

The  tables  and  graphs  present  this  data  and  show  the  trade  offs  betwee: 
RF  power  handling  and  switching  speeds,  for  a broad  range  of  PIN  diodes 
suitable  for  wide  band  microwave  switching  circuits.  j 


INTRODUCTION 


In  order  to  corroborate  the  findings  of  the  diode  study 
phase  of  the  program,  the  second  phase  of  the  program  addressed 
application  of  the  data  to  meet  specific  design  criteria.  Five 
different  switches  were  built  and  tested.  The  specifications 
and  some  additional  design  goals  are  outlined  in  Figure  14. 

The  principle  trade-off  for  each  design  centers  around  the 
power  hand  1 i ng/swi tch i ng  speed  problem.  After  discussing  the 
general  circuit  design  approach  and  certain  uniformly  applied 
concepts,  each  switch  will  be  discussed  in  detail. 


FUNDAMENTAL  DF.SIGN  CONCF.PTS 

Diode  Control  Devices  have  been  in  use  for  a number  of 
years.  Early  designs  used  packaged  diodes  and  matching  circuits. 
This  type  of  circuit  suffered  degraded  performance  at  microwave 
frequencies.  In  order  to  circumvent  the  parasitic  problems 
inherent  in  this  approach,  special  diode  packages  were  designed 
and  integrated  into  coaxial  or  stripline  packages.  This  approach 
worked  well  up  to  approximately  8 or  12  GHz.  The  current  state- 
of-the-art  eliminates  most  of  the  parasitics  associated  with  the 
diode  package  and  packaging  constraints  by  using  the  diodes  in 
chip  form  and  utilicing  "microstrip"  as  the  transmission  line  to 
connect  the  various  circuit  elements.  As  a result,  diode  switching 
devices  and  packages  can  be  made  to  18  GHc  and  higher. 


Frequency  range  of  N00173-76-C-0313 


DIODE  CIRCUITS 


Diode  Control  Devices  can  utilize  either  series  or  shunt 
mounted  diodes.  Each  approach  has  it's  domain.  In  general, 
series  designs  are  preferred  at  low  frequencies  and  in  broad- 
band multi-throw  appl icat ions , shunt  designs  are  preferred  at 
high  frequencies,  and  for  narrow  band  multi -throw  switches. 

The  diodes  can  also  be  configured  in  series  and  shunt  to  pro- 
duce very  broadband  designs;  however,  they  are  slower  and  can 
handle  less  power,  due  to  the  inherent  limitations  imposed  by 
the  series-shunt  configuration. 

In  general,  the  shunt  mounted  diode  is  preferred  for  high 
power  switching  because  of  the  low  thermal  resistance  attained 
by  attaching  the  diode  chip  directly  to  a large  heat  sink. 
Scries  designs  for  high  power  applications  are  possible  also, 
but  the  thermal  resistance  of  the  diode  when  mounted  to  a coax 
center  conductor  is  much  higher  than  the  same  diode  mounted  in 
shunt . 

The  series-shunt  configuration  is  commonly  used  for  low- 
power  applications.  lor  high  power  devices,  this  circuit  has 
two  limitations.  The  first  is  the  thermal  problem  discussed 
above.  The  second  is  that  the  bias  voltage  applied  to  either 
diode  is  limited  to  .7  - .8  volts.  This  limitation  reduces 
the  power  handling  by  reducing  the  reverse  bias  on  the  diodes. 
The  reduced  bias  voltage  also  increases  the  switching  speed 
for  a given  diode  since  it  results  in  a slower  removal  of 
carriers. 

Approaches  have  been  proposed  to  resolve  the  difficulties 
associated  with  series  and  series-shunt  designs.  For  instance, 
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the  scries  diode  could  he  mounted  on  a beryllia  chip  (improving 
the  thermal  resistance),  however,  the  capacitance  of  the  beryllia 
chip  degrades  RI  performance.  The  bias  limitations  could  be 
resolved  by  adding  an  additional  bias  coil  and  blocking  capacitor 
between  the  series  and  shunt  diode  and  providing  a separate 
independent  driver  for  each  diode.  This  approach,  in  addition 
to  the  cost  of  an  additional  driver,  also  compromises  RF  per- 
formance due  to  the  additional  bias  circuit  which  must  be  designed 
into  the  circuit  at  the  junction. 

The  detailed  tradeoffs  involved  in  choosing  a particular 
diode  con  f igura  t i on  arc  ine.x  t ri  cabl  y involved  with  the  particular 
set  of  spec i f i ca t i ons  for  a given  device,  and  the  final  choice  of 
circuitry  must  be  based  on  the  specific  requirements. 

SHI  INT  PI  OPT  CIRCUITS 

Figure  15  shows  the  equivalent  circuits  and  practical 
realization  of  a shunt  diode  switch.  To  mount  the  diode,  a gap 
is  cut  into  the  microstrip,  the  diode  inserted  and  connected 
with  a bond  wire.  The  gap  width  and  bond  wire  inductance  are 
adjusted  so  that  the  i.C  combination  is  that  required  for  a low 
ripple  (.('1  to  .1  dH ) Tschchyshev  Filter  (low  pass)  with  a 
cutoff  above  the  maximum  operating  frequency.  For  practical 
microwave  devices,  diode  junction  capacitances  of  .10  pF  to 
.30  pi  are  required.  Since  the  RqC.j  product  of  microwave  PIN 
diodes  is  approximately  constant,  and  Rq  of  .5  ohms  to  2 ohms 
can  be  achieved  in  the  forward  bias  state.  Kith  this  type  of 
diode,  a switching  ratio  of  about  20  db  per  diode  can  be  achieved. 
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FIGURE  15.  SHUNT  DIODE  CIRCUITS 


The  model  is  valid  for  "small  signal"  conditions.  For 
PIN  diodes,  this  means  that  the  incident  RF  power  is  not  high 
enough  to  cause  conductivity  modulation  to  exist.  This  con- 
dition can  he  met  by  limiting  the  power  level  or  if  higher 
power  levels  are  required,  hv  increasing  the  reverse  bias  on 
the  diode.  The  diode  breakdown  voltage  (Vg)  is  the  upper 
limit  in  this  process.  That  means  that  the  sum  of  the  peak 
RF  voltage  and  the  bias  voltage  cannot  exceed  Vg. 

Shunt  diode  matching  characteristics  were  investigated 
for  a number  of  idealized  models.  These  computer  generated 
curves  show  the  VSWR  behavior  for  shunt  mounted  PIN  diode 
models  in  a 50  ohm  circuit.  Figure  lb  shows  the  VSWR  of  a 
2 diode  circuit  using  0.1  pF  uncompensated  diodes  which  are 
quarter-wavelencth  spaced  at  lb  Gif;.  Figure  1“  is  a three 
diode  model  with  qua r t c r- wa vcl engt h spaced  diodes  for  three 
conditions;  1)  0.1  pF  diodes,  2)  0.2  pi  diodes,  and  31  two 
0.1  pF  diodes  and  one  0.2  pF  diode.  The  effects  of  inductive 
compensation  are  shown  in  Figure  IS  for  case  of  single  shunt 
diodes  of  0.10,  0.14,  and  0.1b  pF  capacitance.  Figure  19 
clearly  shows  the  ultimate  limitation  of  junction  capacitance 
as  a single  0.2  pF  diode  is  modeled  for  a number  of  compensating 
inductances.  Figure  20  compares  the  matching  characteristics 
of  a single  0.2  pF  compensated  diode  to  a two  0.2  pF  diode 
model  using  both  optimal  inductive  compensation  and  quarter- 
wavelength  spacing. 
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FREQUENCY  (GHz) 

FIGURE  16  ONE  DIODE  C = .1  pfd  AND  TWO  SPACED  X/4  @ 10  GHz 
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FIGURE  19.  SHUNT  DIODE  COMPENSATION 
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SERIES  DIODE  CIRCUITS 


Figure  21  shows  the  equivalent  circuits  and  practical 
realization  of  a series  diode  switch.  In  the  reverse  bias 
state,  the  junction  capacitance  blocks  the  signal.  Isolation 
is  frequency  dependent  decreasing  at  approximately  6dB  per 
octave.  In  the  forward  bias  condition,  the  signal  is  attenuated 
slightly  by  the  series  resistance  of  the  diode. 

Figure  22  shows  a multi-throw  junction  utilizing  series 
diodes.  In  this  case,  one  diode  is  forward  biased  and  the  balance 
reverse  biased.  Performance  of  this  circuit  is  similar  to  the 
circuit  of  Figure  21  except  for  an  additional  loss  caused  by 
leakage  through  the  reverse  biased  diodes.  The  loss  increases 
with  frequency  and  number  of  throws.  The  design  requirements 
for  series  diodes  dictates  lower  capacitance  at  the  expense  of 
series  resistance.  Good  series  diodes  have  junction  capacitances 
of  .02  pF  to  .05  pF  and  series  resistance  of  2 ohms  to  6 ohms. 

The  applicability  of  these  models  is  again  limited  to  "small 
signal”  conditions. 

MISCELLANEOUS  CIRCUITRY 

A few  additional  circuits  are  also  required  to  make  diode 
switching  circuits.  The  most  commonly  used  of  these  is  shown 
in  Figure  25  and  cigure  24.  Figure  25  shows  a DC  block  circuit. 
This  circuit  prevents  diode  biasing  voltages  from  entering  the 
center  conductor  outside  of  the  switch.  Figure  24  shows  a bias 
circuit  commonly  used  to  apply  DC  bias  to  the  diodes,  while  not 
interrupting  the  RF  signal  path.  Roth  of  these  circuits  are 
used  extensively  in  the  five  switch  designs. 
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THE  ALL  SHUNT  SP2T 

All  of  the  switches  except  the  SP4T  utilize  the  shunt 
SP2T  circuit.  An  equivalent  circuit  for  this  design  is  shown 
in  Figure  25.  In  this  circuit,  one  diode  is  forward  biased  and 
the  other  reverse  biased.  The  quarter-wave  section  transforms 
the  low  impedance  of  the  forward  biased  diode  to  a high  impedance 
at  the  junction.  The  transmission  path  then  exhibits  the  band- 
pass as  shown  in  Figure  25.  The  quarter-wave  sections  are  made 
40  ohms  to  increase  the  width  of  the  bandpass.  The  choice  of 
the  all  shunt  design  for  high  power,  fast  switching  designs  is 
based  on  two  considerations.  First,  the  diodes  can  be  soldered 
directly  to  the  case  allowing  heat  to  be  efficiently  removed 
from  the  diodes  and  second,  the  full  reverse  voltage  from  the 
driver  can  be  applied  to  the  diode  which  improves  the  switching 
s peed . 

SHUNT  DIODE  "T"  CIRCUIT  SWITCH 

Figure  25  shows  simplified  T junction  with  shunt  diodes. 

The  shorting  diode  producing  a quarter-wave  short  stub  at  the 
T junction.  This  stub  is  broadhanded  by  making  all  3 lines 
40  ohm  for  a 50  ohm  input  impedance.  A computer  generated 
curve  of  this  broadbanding  of  the  "T"  junction  is  shown  in 
Figure  26.A  The  four  curves  were  generated  with  all  three  lines 
changed  from  50  to  45,  40,  and  35  ohms.  In  an  actual  circuit, 
the  two  arms  of  the  "T"  are  made  slightly  shorter  (->-.22  A long) 
when  the  inductance  of  the  shunt  diodes  is  used  to  compensate 


for  the  capacitance  of  the  diode  as  a passing  circuit. 

^(Ref)  "Computer  Analysis  of  Microwave  Integrated  Switches", 
H.  Stinehelfer,  IEEE  Int'l  Microwave  Symposium,  1967. 
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INDIVIDUAL  SWITCH  DISCUSSION 
I.  TRANSFER  SWITCH 

Figure  27  shows  a diagram  of  the  transfer  switch.  The 
basic  design  consists  of  four  back  to  back  SP2T  switches.  The 
internal  arrangement  is  depicted  in  Figure  28.  Essential 
design  features  include  physical  symmetry.  This  is  essential 
to  maintain  amplitude  and  phase  balance  through  each  signal 
path.  Two  diodes  are  used  in  each  signal  path  to  achieve  the 
50  dB  isolation. 

All  of  the  switches,  except  the  high  power  SP2T,  use  a 
diode  similar  to  the  type  2 diode  used  in  the  Phase  I study 
program,  and  a driver  of  the  type  A design  (this  choice  based 
on  the  speed/powcr  specifications). 

Referring  to  the  Transfer  Switch  data  in  Appendix  I, 
nearly  all  of  the  specifications  were  met.  The  insertion  loss 
and  VSKR  far  exceed  expectations. 

The  major  difficulty  on  this  design  was  achieving  phase 
balance  of  +/-  1 to  +/-  2 degrees.  Two  problem  areas  were 
encountered.  The  firs  is  a mechanical  problem  of  cutting  and 
centering  the  circuit  with  nearly  perfect  symmetry.  In  the 
frequency  range  of  interest  and  with  the  dielectric  material 
chosen,  one  degree  of  phase  error  is  created  with  only  .001 
to  .002  inches  of  asymmetry.  Better  tolerance  control  could  be 
achieved  with  other  dielectric  materials,  but  they  would  not 
be  suitable  due  to  either  excessive  loss  or  high  dielectric 
constant.  A second  factor  is  measurement  accuracy.  The  test 
data  was  taken  on  a computer  controlled  network  analyzer  which 
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FIGURE  28.  TRANSFER  (-1)  RF  ASSEMBLY 
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corrects  for  detectable  system  errors  in  the  calibration  pro- 
cess. Despite  the  automatic  corrections,  the  uncertainty  is 
specified  as  + /-  1°.  The  final  test  results  for  the  phase 
and  amplitude  unbalance  are  summarized  below: 

Phase  Variat ions : 

J1  Input  2.1°  (12  - 18  GHz) 

2.5°  (7  - 18  GHz) 

J 3 Input  4.3°  (12  - 18  GHz) 

4.4°  (7  - 18  GHz) 

Amplitude  Variations: 

J1  Input  . I7  dB  (12  - 18  GHz) 

.22  dB  (7  - 18  GHz) 

J3  Input  .21  dB  (12  - 18  GHz) 

.33  dB  (7  - 18  GHz) 

The  complete  data  is  shown  in  the  Appendix. 

As  with  all  switches  (except  SP2T,  High  Power),  the 
switch  was  operated  at  5 watts  CK  (into  a 2:1  termination) 
under  both  the  on  and  off  conditions.  Based  on  available 
data,  it  would  be  expected  that  the  diode  used  in  this  switch 
could  handle  considerably  more  power  than  5 watts.  No  tests 
were  conducted  at  higher  levels  to  preclude  switch  burn-out. 

II.  SP2T 

The  internal  design  details  of  the  high  power  SP2T 
(Item  5)  design  is  shown  in  Figure  29.  Again,  the  all  shunt 
design  is  used  and  the  output  ports  arc  terminated  in  internal 
50  ohm  resistors  to  provide  constant  VSVVR  matching.  The  require- 
ments that  the  output  ports  be  matched  under  all  conditions  pre- 
clude making  this  switch  with  one,  two,  and  three  diodes.  This 
is  due  to  the  fact  that  each  of  the  SP2T  switches  depends  on 
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diode  location.  Kith  one  half  inch  connector  spacing,  at 
least  tnree  diodes  per  arm  are  required  to  maintain  proper 
circuit  performance.  For  this  reason,  the  switch  performance 
exhibited  higher  loss  and  VSU’R  than  originally  anticipated. 

The  isolation  on  the  other  hand  is  much  better  than  required. 
Without  the  requirement  that  the  output  ports  be  matched  in 
the  off  condition,  the  loss  and  VSWR  could  be  improved  signifi- 
cantly. The  configuration  for  this  switch  is  shown  in  Figure  30. 

The  phase  tolerance  on  this  device  also  deviated  signifi- 
cantly from  the  requirement.  The  phase  difference  between 
the  two  switch  paths  varied  from  4.9  to  8.5  degrees  in  the  12 
to  18  GHz  band.  The  variations  are  introduced  by  the  same 
mechanisms  di.scussed  on  the  transfer  switch.  Amplitude  balance 
meets  the  +/-  .2  d R spec  over  most  of  the  12  - 18  GHz  band. 

The  complete  data  is  presented  in  the  Appendix. 

111.  SP4T 

Due  to  the  bandwidth  requirements,  the  SP4T  utilizes  the 
series/shunt  design  outlined  earlier.  In  particular,  the  Quad 
diode  was  utilized  at  the  junction.  This  diode  consists  of 
4 PIN'  junctions  etched  onto  a single  .020  x .020  inch  section 
of  silicon.  The  advantages  of  this  approach  are  simplicity 
and  reduced  junction  size  resulting  in  lower  parasitic  inductance. 
The  physical  configuration  of  the  SP4T  is  shown  in  Figure  31. 

The  performance  of  the  switch  did  not  meet  all  of  the  design 
expectations.  Ibis  was  attributed  to  two  principle  problem 
areas.  One  is  lack  of  uniformity  from  diode  to  diode  on  the 
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Quad  chip.  This  variation  in  the  and  of  the  diodes 
results  in  considerable  amplitude  unbalance  from  channel  to 
channel.  Several  Quad  chip  diodes  were  tried,  but  the  varia- 
tion was  consistent.  Solution  to  the  program  appears  to  be  a 
processing  problem  and  further  study  would  be  required  to 
determine  the  value  of  this  approach.  A second  problem  with 
the  Quad  chip  is  the  small  size  which  although  good  from  a 
theoretical  point  of  view,  is  difficult  from  an  assembly 
standpoint.  To  connect  the  diode  into  the  circuit  requires 
four  successive  thermocompression  bonds  onto  a single  chip. 
Consistent  difficulty  was  encountered  in  getting  good  bonds 
on  all  four  contacts.  The  yields  were  lower  than  normal  and 
the  time  of  assembly  increased  dramatically  for  the  Quad 
diode  switch.  figure  32  shows  a detail  of  the  Quad  junction 
and  a conventional  junction.  Notice  especially  the  difference 
involved  in  bonding  the  series  diodes. 

Despite  these  difficulties,  the  concept  does  show  sig- 
nificant merit.  It  is  felt  that  the  diode  to  diode  uniformity 
can  be  improved  to  a consistent  level.  The  assembly  difficulties 
would  be  reduced  b\  slightly  increasing  the  size  of  the  chip  to 
approximately  .030  \ .030  inches,  and  utilizing  a substrate 
with  a harder  composition  than  the  Puroid  used  in  these  switches. 

The  initial  data  is  shown  in  the  Appendix.  The  unit  had 
been  returned  to  Microwave  Associates  to  be  reworked  to  improve 
performance.  The  results  are  included  in  a supplement  to  this 
report.  The  intricacy  of  this  design  approach  precluded  sig- 
nificant improvement  m the  available  time  frame  of  this  program. 


CONVENTIONAL  JUNCTION  (TO  SAME  SCALE) 


FIGURE  32  SP4T  CIRCUIT  DETAILS 


As  shown  in  the  data  in  Appendix  I,  the  prime  problem 
was  with  insertion  loss  which  runs  to  slightly  over  5 dB. 
It  was  hoped  to  reduce  this  to  about  4.0  - 4.5  dB  on  this 
unit.  On  the  plus  side,  our  testing  shows  that  the  switch 
can  handle  as  much  as  8 watts  CW.  This  would  still  allow 


the  specified  output  level  to  be  maintained  despite  higher 
switch  loss.  (The  final  data  is  shown  at  the  end  of  the 
Appendix . 1 
IV.  SP2T 

Figures  33  and  34  show  the  construction  details  of  this 
switch.  Most  of  the  requirements  of  this  switch  were  less 
stringent  than  the  others.  Performance  was  generally  good. 

VSKR  exceeded  the  specification  at  a few  points  in  the  band, 
due  primarily  to  the  additional  filter  circuit  in  the  switch 
which  was  required  to  suppress  video  components  to  under  2V. 
Actually,  video  levels  into  a 50  ohm  load  were  approximately 
50  millivolts. 

As  shown  in  Appendix  1,  the  performance  of  this  switch 
was  good.  Loss  was  a full  .5  dB  better  than  specification. 
Switching  speed  was  also  considerably  faster  than  required. 

Of  some  interest  here  is  a comparison  of  the  amplitude  tracking. 
Over  the  full  hand,  the  maximum  deviations  were  +.30  and 
-.22  dB  (spec  was  +/-  .4  dB).  Over  most  of  the  band,  the 
deviation  was  only  +/-  .2  dB  or  better.  The  principle  reason 
for  this  is  the  physical  simplicity  of  the  circuit  and  small 
overall  size.  In  any  future  developments,  it  would  be  prudent 
to  emphasize  these  factors  in  the  circuit  layout. 
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V.  SP2T . HIGH  POWER 


The  basic  design  of  this  switch  follows  closely  the  design 
of  the  -2  SP2T  (See  Figure  35  and  36).  To  handle  the  higher 
power  levels,  three  component  selections  are  altered.  First, 
the  diode  is  considerably  thicker,  a diode  of  the  type  4 design 
was  selected  (approximately  30  microns  I layer)  with  bias  levels 
of  +60  mA  and  -35V.  Second,  the  driver  is  a high  power  type 
similar  to  the  type  -B  driver  of  the  diode  study.  Finally, 
the  circuit  components  are  increased  to  size.  This  includes 
DC  blocks,  bias  lines,  and  diode  straps  as  shown  in  Figure  5. 

Due  to  the  higher  capacitance  of  the  30  micron  diode,  the 
insertion  loss  ran  about  0.5  dB  higher  than  the  spec.  Other 
steady  state  parameters  were  close  to  spec.  The  switching 
speed  and  high  power  testing  showed  better  than  expected  per- 
formance. All  switching  time  data  exceeded  even  the  design 
goals  of  the  program. 

The  results  of  the  high  power/hot  switching  tests  is 
shown  in  Figure  37.  Figures  38  and  39  show  the  test  set  and 
the  resultant  oscilloscope  displays  for  this  test.  The  device 
functioned  to  600K  peak/30K  average  power.  With  a thicker 
diode,  this  could  be  increased  somewhat  at  some  degradation 
in  switching  speed. 

Figure  37  shows  a timing  diagram  which  defines  the  relation- 
ship of  the  RF  response  to  the  TTI,  control.  The  response  is 
broken  into  two  components.  First,  the  "RF  transition  time" 
which  is  the  time  required  for  the  RF  power  level  to  change  from 
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RF  TRANSITION  TIME  ON  25  30  ns 

OFF  15  20  ns 
TOTAL  SWITCH  TIME  ON  45  - 50  ns 

OFF  75  80  ns 


FIGURE  37.  TIMING  DIAGRAM  - SP2T  (*S) 
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NOTE.  PULSE  GENERATOR  OUTPUT  IS  DELAYED  TO  SWITCH  THE  SP2T  DURING 
THE  RF  PULSE  ON  INTERVAL  (SEE  FIGURE  33). 


FIGURE  38.  HOT  SWITCHING  TEST  SET 
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INCIDENT  RF  PULSE  Ips  WIDE  @50  KHz  PRF 

TTL  CONTROL  PULSE  5/iS  WIDE  @ 50  KHz  DELAYED  APPROXIMATELY  100  ns  WITH 
RESPECT  TO  THE  RF  PULSE. 

THE  INCIDENT  LEVEL  WAS  INCREASED  IN  100  WATT  STEPS  TO  500  WATTS  AND  LEFT 
OPERATING  FOR  ft  HOUR. 

DELAY  AND  TRANSITION  TIMES  REMAINED  STABLE. 

THE  POWER  LEVEL  WAS  THEN  INCREASED  TO  600  WATTS  FOR  15  MINUTES.  THE  UNIT 
FAILED  GOING  TO  700  WATTS.  THE  MODE  OF  FAILURE  WAS  A SHORT  CIRCUITED  DIODE. 

FIGURE  39.  TIMING  DIAGRAM  - HOT  SWITCHING 


10%  to  90%  of  the  static  level.  The  second  is  the  "total 
switching  time"  which  is  referenced  to  the  50%  level  on  the 
TTL  input;  this  includes  the  effects  of  driver  delay.  As 
shown  in  the  tabulation,  all  switching  times  were  considerably 
less  than  the  original  design  specifications. 

The  critical  tests  on  this  device  was  the  "hot  switching 
test".  Figure  38  shows  the  test  kit  arranged  to  perform  this 
test.  The  low  level  signal  generator  output  is  first  modulated 
with  a pulse  generator  synchronization  pulse  to  produce  an  RF 
pulse  1 yVsec  long  which  is  duplicated  at  a 50  KHz  rate.  This 
pulse  is  then  amplified  and  applied  to  the  switch.  The  ampli- 
fier output  level  can  then  be  set  to  the  required  peak  and 
average  power  levels  of  the  specification. 

The  pulse  generator  output  is  delayed  with  respect  to  the 
incident  RF  pulse  and  the  duration  adjusted  to  approximately 
500  nanoseconds.  This  in  effect,  turns  the  switch  off  and  on 
during  the  RF  pulse-on  intervals.  The  test  began  with  an  inci- 
dent level  of  100  watts  peak/5  watts  average,  and  was  increased 
in  100  watt  peak  steps  (the  average  remained  at  5%  of  the  peak). 
The  switch  was  allowed  to  remain  in  each  state  for  30  minutes. 

The  switch  functioned  properly  up  to  the  500  watt  peak  level  per 
the  specification.  As  agreed  upon,  the  power  level  was  increased. 
The  switch  worked  at  600  watts  peak  power  successfully.  Failure 
occurred  instantaneously  when  the  power  was  increased  to  700 
watts.  The  mode  of  failure  was  a short  circuit  diode  caused  by 
peak  burn-out.  The  timing  diagram  for  this  test  is  shown  in 
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Figure  39.  Comparing  this  to  the  data  generated  in  Phase  I, 
we  see  excellent  correlation.  Figure  5 shows  a peak  burn- 
out of  600  watts  peak  for  this  diode  type. 

As  indicated  earlier,  line  impedance  could  be  adjusted 
to  equalize  the  theoretical  burn-out  levels  for  a given  set 
of  operating  conditions.  For  instance,  CW  burn-out  in  the 
"on"  and  "off"  switch  states  could  be  equalized  with  such 
a change.  However,  the  bandwidths  would  be  decreased.  In 
some  cases,  the  desired  line  impedance  would  be  impract ical ly 
low  or  high. 
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CONCLUSIONS 


Tables  6 through  10  present  a comparison  of  specification 
and  actual  performance  for  the  significant  parameters  for  the 
five  switches  built  under  this  program.  The  final  column  in 
each  tabulation  evaluates  that  parameter  according  to  the 
following  format: 

- indicates  nominal  conformance  with  the  specification 
and  includes  minor  variances 

+ indicates  performance  significantly  better  than 
speci f ied 

X indicates  out-of-spec  condition 

* indicates  performance  better  than  the  design  goal 
(design  goals  were  eliminated  from  the  listing 
for  clarity) 

Because  power  handling  and  switching  speed  were  the  prime 
program  goals,  these  parameters  were  emphasised.  In  this 
respect,  all  of  the  switches  performed  well.  With  the  exception 
of  the  SP4T  switch,  all  devices  also  performed  well  statically. 
The  SP4T  switch  utilised  a new  concept  of  execution.  Despite 
the  problems  of  this  approach,  it  merits  still  stand  clear, 
and  should  not  be  discarded  without  further  study. 


ITEM  1 - TRANSFER  SWITCH 


(Actual  vs  Specification) 


PARAMETER 

SPECIFICATION 

ACTUAL 

RESULTS 

Frequency  (GHz) 

12-18 

12-18 

- 

Peak  Power  (watts) 

5 

5 

- 

Average  Power  (watts) 

5 

5 

- 

Loss  (dB) 

3.8 

2.3 

+ 

Isol  (dB) 

50 

52 

- 

VSWR 

1.8 

1.4 

+ 

Tracking  (dB) 

+ .2 

+ .2 

+ 

Transition  speed  (ns) 

3 

2 

- 

Total  Speed  (ns) 

12 

10 

- 

Phase  Tracking 

+r 

cW-  5° 

X 

NOTES: 

* = exceeds  design  goal 
- = nominally  meets  spec 
+ = significantly  exceeds  spec 
X = fails  to  meet  spec 


TABLE  6 


ITEM  2 - SP2T  SWITCH 


(Actual  vs  Specification) 


PARAMETER 

SPECIFICATION 

ACTUAL 

RESULTS 

Frequency  (GHz) 

12-18 

12-18 

- 

Peak  Power  (watts) 

5 

5 

- 

Average  Power  (watts) 

5 

5 

- 

Loss  (dB) 

2.7 

2.8 

- 

Isol  (dB) 

40-50 

70 

+ 

VSWR  (IN) 

1.7 

1.83 

- 

VSWR  (OUT) 

1.7 

1.73 

- 

Tracking  (dB) 

+ .2 

+ .4 

X 

Transition  speed  (ns) 

3 

2 

- 

Total  speed  (ns) 

15 

8 

+ 

Phase 

‘includes  test  set 

+ 1° 

error 

^4  - 6° 

V 

NOTES : 

* = exceeds  design  goal 
- = nominally  meets  spec 
+ = significantly  exceeds  spec 
X = fails  to  meet  spec 


TABLE 
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ITEM  3 - SP4T  SWITCH 


(Actual  vs  Specification) 


PARAMETER 

SPECIFICATION 

ACTUAL 

RESULTS 

Frequency  (GHz) 

fL_fH 

fl-fh 

- 

Peak  Power  (watts) 

5 

8 

+ 

Average  Power  (watts) 

5 

8 

+ 

Loss  (dB) 

3.5 

5 

X 

Isol  (dB) 

35 

30 

X 

VSWR 

2.0 

2.2 

- 

Tracking  (dB) 

+ .4 

7l 

X 

Transition  Time  (ns) 

4 

5 

- 

Total  Speed  (ns) 

12 

15 

- 

Video  (mV) 

50 

40-50 

- 

NOTES : 


X = 


exceeds  design  goal 
nominally  meets  spec 
significantly  exceeds  spec 
fails  to  meet  spec 


TABLE  3 
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ITEM  4 - SP2T  SWITCH 


(Actual  vs  Specification) 


PARAMETER 

SPECIFICATION 

ACTUAL 

RESULTS 

Frequency  (GHz) 

Fl-fh 

Fl-fh 

- 

Peak  Power (watts) 

2 

5 

+ 

Average  Power (watts 

) 2 

5 

+ 

Loss  (dB) 

2.9 

2.4 

+ 

I sol (dB) 

60 

62 

- 

VSWR 

2.0 

2.1 

- 

Tracking  (dB) 

+ .4 

+ .3 

+ 

Transition  time (ns) 

8 

4 

- 

Total  speed  (ns) 

20 

14 

- 

Video  (volts) 

2 

.05 

+ 

NOTES : 

* = exceeds  design  goal 
- = nominally  meets  spec 
+ = significantly  exceeds  spec 
X = fails  to  meet  spec 


TABLE  9 


ITEM  5 - SP2T  SWITCH  - HIGH  POWER 


(Actual  vs  Specification) 


PARAMETER 

SPECIFICATION 

ACTUAL 

RESULTS 

Frequency  (GHz) 

12-18 

12-18 

- 

Peak  Power  (watts) 

500 

600 

+ 

Average  Power  (watts) 

25 

30 

+ 

Loss  (dB) 

2.4 

3.1 

X 

Isol  (dB) 

35 

55 

+ 

VSWR 

1.7 

1.8 

- 

Tracking  (dB) 

+ .2 

i -4 

X 

Transition  time  (ns) 

60 

30 

+ 

Total  Speed  (ns) 

90 

80 

+ 

Phase 

+ 1° 

-6.7° 

X 

NOTES : 

* = exceeds  design  goal 
- = nominally  meets  spec 
+ = significantly  exceeds  spec 
X = fails  to  meet  spec 
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